Assessing multiple climatic and non-climatic variables affecting one region at the same time is a crucial aspect to support climate adaptation action. This publication presents a method to display relevant measures of any three adaptation relevant parameters (or optionally their projected future changes) at once on a map by allocating them to multiple transparency levels of the three primary colors of additive color mixing (red, green, and blue). The overlay of information allows the combined assessment of the regional exposures. The method is demonstrated by two examples based on an ensemble of regional climate projections analyzed for 1.5°C, 2°C, and 3°C global warming periods. The first example shows the increasing number of people at risk for summer climate extremes under 1.5°C, 2°C, and 3°C global warming by combining projected increases in tropical nights and summer intense precipitation days with today's population density. Under 3°C global warming, many heavily populated areas across Europe are affected by both heat stress and summer precipitation extremes, whereas under 1.5°C global warming, heat stress regions are restricted to southern Europe and the large settlements along the Eastern Mediterranean coast. A second example combines daily mean and minimum and maximum summer temperatures and highlights the regional expansion and the increasing robustness of projected mean summer warming with rising global warming levels, as well as the regional day to night differences of the warming signal.
Introduction
Climate change is manifested by many interconnected aspects. In many cases, one parameter or one process is studied in isolation to reduce the complexity of the system and gain an in-depth understanding for this particular aspect. Yet, in real life, we cannot filter certain aspects; we experience climate change in its entirety and with all its components. Hence, it is just as important to consider the combination of several impacts for a region as it is to zoom in on one particular feature. The level of stress forced onto humans and their environment can increase considerably with the coincidence of several climatic changes (Zscheischler and Seneviratne 2017; Leonard et al. 2014) . Even impacts that are not directly causally linked beyond the generally higher level of greenhouse gases in the atmosphere can lead to unexpected consequences or turning points when occurring in combination. Furthermore, climate change impacts might be regionally more or less problematic depending on the socio-economic and environmental setting of the concerned regions (Ritzema Editor: Marc J. Metzger Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10113-019-01496-6) contains supplementary material, which is available to authorized users.
and Van Loon-Steensma 2017; Olesen et al. 2011; Poumadère et al. 2005) . To be able to analyze these phenomena in more detail, this publication is presenting a method to study any three parameters at once and evaluate their expected changes in combination. In addition to the possibility to examine the change of three different parameters, this method also allows for an evaluation of the robustness of the change, i.e., the level of agreement across a number of climate model projections.
The examples used here to showcase the application of the newly developed method present the evolution of the combination of three different parameters for three different scenarios: a global warming of 1.5°C, of 2°C, and of 3°C. These scenarios were chosen due to their political relevance (Schleussner et al. 2016) . To significantly reduce the risks and impacts of climate change, a general consensus of limiting the global temperature rise to below 2°C compared to preindustrial levels was reached with the Paris Agreement in 2015 during COP 21. The agreement further states that efforts are pursued to reach the even more ambitious target of 1.5°C. While it is a top priority to develop ways to drastically reduce greenhouse gases in order to slow down and ultimately stop a warming on a global scale, the unavoidable consequences of a moderate increase of global temperatures within these boundaries have to be studied and understood. This way, the implications can be assessed in advance and decision-makers can set preparations in motion according to the expected impacts. The scenario of a global temperature rise of 3°C is included to demonstrate the worst case, failing to fulfill the Paris agreement. It is a stark reminder of the high stakes involved.
Data and methods

Climate projections
All climatic analyses presented in the following are based on climate change projections provided by the EURO-CORDEX Initiative . The data used for this study encompasses 38 simulations in total, based on the representative concentration pathways (RCP, (van Vuuren et al. 2011) ). We use 11 simulations based on RCP2.6, 13 on RCP4.5 and 14 on RCP8.5.
Socio-economic data
The population density data (Gridded Population of the World, Version 4 (GPWv4)) has been taken from the Center for International Earth Science Information Network (CIESIN 2016; Doxsey-Whitfield et al. 2015) . It is provided on a 30 arc-second grid raster in GeoTiff format and was regridded to the 0.11°grid of the EURO-CORDEX climate projections.
Definition of the 1.5°C, 2°C, and 3°C global warming periods To assess regional climate changes connected to a global mean temperature increase of 1.5°C, 2°C, and 3°C with respect to preindustrial times, 30-year running mean averages of global mean temperatures have been calculated from all GCM simulations. The first year of exceedance of the respective temperature threshold (compared to the period of 1971-2000, plus a preindustrial temperature offset of 0.46°C) was used as central year to define the 30-year periods representing 1.5°C, 2°C, and 3°C global warming according to the method by Vautard et al. (2014) . A similar method to extract 1.5°C and 2.0°C global warming periods from EURO-CORDEX simulations was used by Kjellström et al. (2018) , but with a slightly different calculation of the preindustrial temperature offset.
With this method, a separation of the different simulations by RCP is not needed. Applied to the EURO-CORDEX simulations (date of download: 05/2017), the ensemble of simulations available to assess the 1.5°C warming period has 38 members; for 2.0°C, 31 members are available; and the 3.0°C period consists of an ensemble of 16 members. To assess how the pathway to the global warming period (i.e., the time that has passed until the individual simulation has reached the global warming target) influences the projected temperature changes for Europe, Fig. 1 shows the 30-year mean projected temperature increase (a) and the 30-year annual standard deviation of projected temperature changes (b) for each simulation of the ensemble sorted by the central year when the driving GCM reaches the respective threshold of global mean temperature increase (1.5°C, 2°C, and 3°C). Circles indicate RCP2.6 simulations, squares indicate RCP4.5 simulations, and triangles RCP8.5 simulations. For 1.5°C global warming (red symbols), no distinction of both the years when the GCM reaches the 1.5°C warming and the RCM projected temperature change and the belonging standard deviation at this period can be seen. The RCP forcing becomes more distinguishable from each other when looking at the 2.0°C and 3.0°C warming periods (blue and green symbols). Here, the RCP8.5 driven simulations (triangles) tend to reach the target temperature level earlier and with slightly higher standard deviations as the RCP4.5 driven simulations (squares). However, the RCM temperature change signals of the RCP2.6, RCP4.5 and RCP8.5 driven simulations for a given warming period are very similar and the differences in standard deviation and time of reaching the target are not substantial. Thus, we conclude that our approach of defining the global warming periods without separation of the RCP scenarios is valid for this application. For better comparability of the projected changes, the 1.5°C and 2°C ensembles have been reduced to those simulations also available for the 3°C period. As none of the GCM simulations of RCP2.6 reaches the + 3°C global average temperature change with respect to preindustrial climate, the resulting ensemble consists of RCP4.5 (3) and RCP8.5 (13) simulations only. The disadvantage of this ensemble reduction is that quite some information available from those simulations not reaching the 3°global warming level is lost for the analysis of 1.5°and 2°global warming consequences for Europe.
Visualization
A new method has been developed that allows the visualization of any three parameters relevant for climate impact assessment or/and their projected changes together on a map. For instance, these parameters can be a combination of projected future changes of climatic parameters and climatic parameters of today's climate and of societal/economic values such as population density or critical/vulnerable infrastructure. Each of the three parameters is represented by one of the three primary colors of additive color mixing: red (R), green (G), and blue (B). For each parameter, a Brelevance^condition has to be defined. For example, the magnitude of projected climate changes to be displayed can be defined by the exceedance of a certain threshold value (e.g., increase of heat days by more than 10 days/year, decrease of summer precipitation by more than 20%) or by any other pre-defined criterion, e.g., the statistical significance of the projected changes. The relevance criterion for parameters such as population density or vulnerable infrastructure could as well be a certain threshold or fraction of area coverage to be exceeded.
In addition, the simulation agreement level (SAL) for the projected climatic parameters is introduced into the figures to account for the robustness and bandwidth of the projection ensemble and to highlight regions of very high confidence in the projected changes (high SAL) together with regions of medium or small confidence (lower SALs). It is defined as the fraction of the underlying future climate simulations, which are requested to project changes exceeding the predefined criterion. A minimum SAL that has to be exceeded (e.g., 50% of the ensemble simulations) is defined as lowest possible SAL. The SALs are separated via the transparency of the respective primary color, ordered from full transparency for the lowest SAL to full opacity for the highest SAL. Overlaying these three primary color maps results in an image which is covering the RGB color space and where regions with two or three of the parameter changes fulfilling the predefined relevance criterion with a SAL > 0 are expressed by the respective additive combination of colors.
For this purpose, we firstly normalize the three quantities to be displayed x
An opaque RGB (red, green, blue) foreground image F can be semi-transparently overlaid over an opaque RGB background image B by alpha blending and the opaque result becomes
Here, α corresponds to the opaqueness of F, i.e., α = 0 represents full transparency and α = 1 full opaqueness. Overlaying only one individual color channel, e.g., red, could be achieved by alpha blending the RGBα (red, green, blue, alpha) with the semitransparent single channel image [1, 0, 0, [0, 0, 1, b] for blue). However, alpha blending is not commutative, i.e., the order makes a difference. Therefore, we are interested in first combining the single channel representations of the three quantities in a commutative way resulting in one semitransparent image [R, G, B, α] to be combined via alpha blending with the background. In analogy to the combination of two semitransparent images according to Porter and Duff (1984) , the alpha channel, i.e., the opacity of the combination of three images, can be computed by
We are now searching for the R, G, and B values of the image [R, G, B, α] so that alpha blending above a black background falls back to the color composite [r, g, b] :
From this, it follows that the searched RGBα overlay image becomes
, with α as defined above. Note that in digital image editing and computer graphics, the same result can be achieved with the Bscreen blending^technique.
In the special case of only 2 SALs, the possible color space consists of the fully opaque primary colors and their additive mixing colors.
To be able to distinguish between the combination color white (resulting of an additive mixing of the three principal colors red, green and blue) and the background of the figure, a checkered background has been added to the figures. We used a checkered background in order to demonstrate the method's ability to blend data fields on arbitrary backgrounds, e.g., according to their level of significance or importance. In principle, other backgrounds are also possible such as plane neutral colors (except for white), or an elevation map, etc.
For regions which are colored in one of the primary colors, the respective parameter is the only one fulfilling the predefined relevance criterion. For regions which are completely white, the pre-defined criterion is fulfilled for all three parameters. It is important to note that this is a fundamental difference compared to many other visualizations which usually use white as the color corresponding to the lowest or no value. For regions of purple color, only the Bred^and the Bblue^param-eter fulfill the pre-defined criterion whereas for regions with yellow colors, only the red and the Bgreen^parameters fulfill the pre-defined criterion. In turquoise regions, only the blue and green parameters fulfill the pre-defined criterion.
The colors assigned to the categories are not selected arbitrarily or by hand, but the combination and mixing of the colors is based on well-established methods and conventions from digital image editing and computer graphics. The advantage of this is that on the one hand, less Bhand-workî s needed for the mapping of the categories to the specific colors and on the other hand, the primary colors and their mixing colors are widely used and especially the mixing colors can quickly be recognized and attributed to their respective primary colors. Also, the colors are well suited for being used on screens. One disadvantage might be that the selection of colors is fixed, and no adaptation of the colors with regard to content or visual disorders such as allochromasia is foreseen. However, for special applications, the method can be expanded to allow for the individual definition of specific colors mapped to the categories to be displayed.
Displaying changes of multiple climate parameters simultaneously and providing the option to integrate socioeconomic data as well can illustrate possible interacting/ interconnected conditions on one map, supporting the assessment of a variety of combined climate change impacts. In the following section, two examples of such combined-parameter maps will be given.
Application
Summer heat and intense precipitation days in populated areas
Already under today's climate conditions, urban population occasionally experiences extreme summer conditions, either due to extremely hot temperatures or through extreme precipitation events. The former are especially harmful to health when nighttime regeneration is prevented due to a lack of cooling during the night. The latter frequently causes damages in households and businesses and can lead to interruptions in public services such as transportation.
To assess the exposure of urban population to these two extreme summer conditions, today's population density (R) has been combined with the projected increase in the number of summer days during June, July, and August (JJA) showing precipitation amounts of more than 20 mm/day (G) and with the projected increase in the number of tropical nights, defined by a minimum daily temperature of at least 20°C (B) (Figs. 2,  3, and 4) . The pre-defined criterion chosen for the population density was set to values higher than 100 inhabitants/km 2 (subsequently referenced as high population regions). For tropical nights, an exceedance of twice the standard deviation of the occurrence of tropical nights in today's climate based on annual values is requested, and for intense summer precipitation days, the threshold is defined as an increase by more than 10%. For this example, two SALs are defined for the climatic parameters: opacity = 0: less than 66% of the simulations project changes fulfilling the pre-defined criterion (SAL Blow^); opacity = 1: more than 66% of the simulations project changes fulfilling the pre-defined criterion (SAL Bhigh^).
As all three quantities can thus have values of only 0 (BNo^) and 1 (BYes^), in total, 8 color states are available to describe all possible combinations (see Table 1 ).
Figures 2, 3, and 4 present the findings for the 1.5°C, the 2°C, and the 3°C global mean temperature rise periods as defined in BDefinition of the 1.5°C, 2°C, and 3°C global warming periods^section 2.3.
Looking at all three figures, it becomes clear that the increasing number of tropical nights (B) mainly affects Southern Europe and Northern Africa for the 1.5°C warming period and stretches continuously northward when looking at the 2°C (Fig. 3) and 3°C (Fig. 4) warming periods. Opposite to this behavior, the trend of increasing numbers of intense precipitation days in summer (G) affects identical regions for all three global warming periods (Scandinavia, Eastern Europe, Scotland, Ireland, Iceland) but gets more comprehensive with higher global warming levels.
Consequently, there are no turquoise regions in Fig. 2 ), i.e., for the 1.5°C global warming period, no regions are affected by increasing numbers of tropical nights and increasing numbers of intense precipitation days at the same time. For the 2°C warming period (Fig. 3) , some turquoise regions appear Fig. 2 Composite figure of population density > 100 inhabitants/km 2 (red), projected increase in tropical nights (blue) and projected increase in the number of summer days with precipitation of more than 20 mm/ day (green) under 1.5°C global warming conditions Fig. 3 Composite figure of population density > 100 inhabitants/km 2 (red), projected increase in tropical nights (blue), and projected increase in the number of summer days with precipitation of more than 20 mm/ day (green) under 2.0°C global warming conditions in central and eastern Europe, which finally-under 3°C global warming (Fig. 4) -stretch from eastern Germany across the Baltic States to north-western Russia.
When focusing on the population possibly affected by more extreme summer climate conditions, the magenta-, yellow-, and white-colored regions are essential.
Under 1.5°C global warming conditions, highly populated areas are mainly affected by an increasing number of tropical nights in regions along the eastern Mediterranean coast and along the eastern coast of the Iberian Peninsula. The only high population region upcountry experiencing significant increases in the number of tropical nights already under 1.5°C global warming conditions is the municipality of Madrid.
Under 2°C global warming, the highly populated regions exposed to heat stress are clearly enlarged, covering most areas along the Mediterranean coast. Also, more inland regions appear in magenta, e.g., the Paris region, basically all large settlement areas in western Turkey, but also parts of south-western Germany. Also, under 2°C global warming, some yellow regions emerge, where a high population density will be exposed to increasing numbers of intense summer precipitation days. These are mostly located in Central, Northern, and Eastern Europe.
Under 3°C global warming, regions where many people are faced with significantly increasing numbers of tropical nights cover large parts of central Europe, most prominently along the line of the Benelux countries via the Alpine Ridge down to the Po valley. For 3°C global warming, finally white regions emerge, located in Central Europe and also in the Moscow area at the borderline between regions with heat stress and regions with increasing intense precipitation. These highly populated regions would have to prepare for both heat-related and intense precipitation-related challenges if 3°C global warming was reached. Fig. 4 Composite figure of population density > 100 inhabitants/km 2 (red), projected increase in tropical nights (blue) and projected increase in the number of summer days with precipitation of more than 20 mm/ day (green) under 3.0°C global warming conditions In-depth assessment of the increase in summer temperature
The first example presented projected changes of two climate indices in combination with socio-economic data, which can provide information for practical applications such as the assessment of the number of people at risk for certain climatic impacts. However, the visualization method can also be useful for more research-driven purposes, e.g., for the assessment of the projected climatic changes of a specific feature (such as temperature) in more detail. This is illustrated with the second example: For summer temperatures, the mean daily temperature (tasmean) increase (R) has been combined with the daily maximum temperature (tasmax) increase (G) and the daily minimum temperature (tasmin) increase (B). The pre-defined criterion to be fulfilled was the exceedance of the standard deviation of today's climate by a factor of 2 (> 2sigma), to display statistically significant projected changes only. To account for the bandwidth of the ensemble of the projected climatic changes, four SALs were defined: opacity = 0: less than 50% of the simulations project changes fulfilling the predefined criterion (SAL no); opacity = 0.33: between 50% and 70% of the simulations project changes fulfilling the pre-defined criterion (SAL Blow^); opacity = 0.66: between 70% and 90% of the simulations project changes fulfilling the pre-defined criterion (SAL Bmiddle^); opacity = 1; more than 90% of the simulations of the ensemble project changes fulfilling the pre-defined criterion(SAL Bhigh^). Note that with this additional level of information, the theoretical color range is extended to 27 possible colors including 2 levels of gray for identical SALs for all parameter projections. White color indicates a high SAL for all three parameters at once.
For the 1.5°C period (Fig. 5) , the projected changes do not exceed double the standard deviation of present climate temperatures for large parts of central Europe. The blue colors in parts of Spain, Greece, southern Italy, Turkey, and Scandinavia indicate that the projected changes of the daily minimum temperature here exceed the > 2sigma criterion. The magenta coloring in some parts of northern Scandinavia, Turkey, and northern Africa indicates that here, changes of tasmin as well as tasmean exceed the > 2sigma criterion.
For the 2°C period (Fig. 6) , the regions where the daily minimum temperature changes exceed the > 2sigma criterion are clearly enlarged, leaving only a small region in central Europe without significant changes of tasmin. Also, the magenta/purple regions now expand over the whole of Scandinavia in the north, the Alps, and along Spain, Greece, and Turkey in the south. The white color in northern Africa indicates that here, changes of all three temperature indices exceed the > 2sigma. This is again more pronounced in Fig. 7 for the 3°C period, where this is the case for Turkey, Greece, southern Italy, Spain, and northern Scandinavia. Note that only low simulation agreement levels for significantly increasing tasmin, identifiable by the checkered background shining through, are reached for large parts of Scandinavia for 1.5°C global warming (Fig. 5) . These turn into a medium to high SAL for 2.0°C global warming (Fig. 6 ) and finally into a high SAL for 3.0°C global warming (Fig. 7) , where the opacity of the blue component of all mixing colors appearing in Scandinavia equals 1. For 2°C global warming, translucent regions of low SALs for significantly increasing tasmin still stretch from Ireland to Russia. For large parts of central Europe covering France, Germany, Poland, the Czech Republic, and Hungary, none of the three parameters change significantly with a SAL of more than 50%. Summarizing, the maps for temperature show that the temperature increase for large parts of Europe is driven to a large extent by the increasing daily minimum temperatures. A pattern of change can be observed that intensifies from 1.5°to 3°w arming: The strongest warming occurs in the northern and the southern parts of Europe, where with 3°global warming, a > 2sigma change of tasmin, tasmax, and tasmean can be seen. In contrast, central Europe is mostly affected by increasing daily minimum temperatures that drive the projected change in daily mean temperature. Here, even under 3°global warming, projected changes in daily maximum temperatures do not exceed the > 2sigma level. On the one hand, the different SALs can be used to highlight regions of very robust Fig. 6 Composite figure of projected increase in mean summer temperatures (red), projected increase in daily minimum temperatures (blue), and projected increase in daily maximum temperatures (green) under 2.0°C global warming conditions Fig. 7 Composite figure of projected increase in mean summer temperatures (red), projected increase in daily minimum temperatures (blue), and projected increase in daily maximum temperatures (green) under 3.0°C global warming conditions projections with SALs of 90% and more without omitting regions with medium to low SAL. On the other hand, looking at the three global warming levels, the different levels of SAL can give hints on whether observed features are getting more robust with rising global warming.
Discussion and conclusion
A method has been presented to detect multiple regional impacts of global climate changes. It allows studying projected future changes of three climatic parameters at once, as well as the combination of future changes of climatic parameters with socio-economic information. Additionally, the significance of the projected changes and the bandwidth of the ensemble projections can be considered.
With this, the visualization method shown here complements other visualization methods widely used, e.g., in the latest IPCC report (IPCC 2013) , by providing quantitative, co-located information on multiple parameters and optionally their changes (concentrating on significant/relevant changes and including information on robustness of the projections) on a grid-box basis. To illustrate this, we compare our approach to two figures taken from the latest IPCC 5th assessment reports (AR5). In the first example shown in Fig. S1 , the regions highlighted by hatching in both directions correspond to regions which would have a high SAL and would exceed the relevance criterion for one of the parameters shown in our figures. Similar figures were also shown recently by Kjellström et al. (Kjellström et al. 2018) . Here, the main difference to our method is that our visualization offers the opportunity to assess different parameters at once, but restricts the presentation to significant/relevant changes only, while the IPCC figure concentrates on one parameter only, but displays the whole range of values, highlighting those areas where the projected changes (here of seasonal heavy precipitation) are significant/relevant and robust.
Another assessment of multiple parameters at once for specific regions is shown in Fig. S2 , where qualitative information averaged over larger regions are given, but without information on the robustness and significance of the stated projected changes and without the possibility to assess regional to local cooccurrences of hot spots of the different parameters.
Our method thus offers a new way to clearly identify the areas affected by multiple changes, on only one map. No visual comparison using several maps is necessary. This, for instance, offers the possibility to compare extensions of areas affected by multiple changes for different warmer worlds. Clearly, set thresholds help interpret the changes that are shown and can be adjusted to individual needs. One clear disadvantage is, of course, the limitation of the method to three parameters only.
Two applications of the newly developed visualization method have been presented. The first showed a combination of high population density, increasing numbers of tropical nights and increasing numbers of intense summer precipitation days, highlighting that under 3°C global warming, many heavily populated areas across Europe are affected by both heat stress and summer precipitation extremes, whereas under 1.5°C global warming, heat stress regions are restricted to southern Europe and the large settlements along the Eastern Mediterranean coast. For the second example, the projected changes of mean, minimum, and maximum daily temperatures were shown in combination. Here, the visualization of low, medium, and high simulation agreement levels for significant projected future changes reveals increasing robustness of the projected temperature signals for the 3°C global warming period as compared to the 1.5°C and 2°C periods. Also, by combining the three temperature parameters, it could be shown that the warming of the mean daily summer temperature is mainly driven by increasing daily minimum (i.e., night) temperatures.
Further to the application shown here, the method can be expanded and fine-tuned. Instead of presenting three independent variables, the findings of a study analyzing the development of the causal relationship between three connected parameters can be displayed this way. Concentrating on the three different global warming levels of 1.5°C, 2°C, and 3°C, the method could also support the analysis of one parameter across these three scenarios, possibly revealing a non-linear relationship to the temperature variable or highlighting potential climate change impacts that can be avoided when limiting the global warming to 1.5°C or 2°C. Instead of focusing on the idealized scenarios showing the different global warming levels of 1.5°C, 2°C, and 3°C, one could additionally compare different time periods, e.g., current climate and near and far future projections.
The combination of climatic and non-climatic elements has been presented with the first example where today's population density was integrated as one parameter to display the number of people at risk for a certain climatic impact. In the same way, possible future changes of other socio-economic values and also environmental changes can be incorporated. This way, the development over time for both the climatic change and non-climatic changes can be made visible, focusing on their superposition in a unique visualization method. Other statistical, demographical, or bio geographical values can be added, too, turning this method into a powerful tool for impact modelers.
Our method enables us to visualize regional detail from high resolution climate information, and to combine it with detailed spatial information of socio-economic data, or detailed human land use data, ecological data etc. Having comparable resolution available for all three parameters shown in the figures allows for meaningful regional to local assessments. For this reason, we used the spatially high resolved regional climate projection ensemble from EURO-CORDEX. With increasing availability of spatially high resolved climate projections from Global Climate Models, this approach becomes also interesting and applicable on a global scale.
Assessing the changes of multiple climate-relevant variables affecting one region over the same time period is a crucial aspect to support climate adaptation action. Many different facets need to be considered simultaneously when developing a strategy and specific measures to cope with climate change. This method offers a multi-functional technique to investigate three elements in combination, advancing the preparedness for the changes to be expected in the future.
